Identifying the specific DNA sequences involved in the chromosomal abnormalities in developmental and neoplastic diseases may be essential to understanding the molecular biology of these disorders. The use of recombinant DNA techniques in conjunction with rodent-human hybrid cells makes it possible to assign chromosomal locations to specific DNA sequences. However, the ubiquitous presence of reiterated DNA species often complicates the application of straightforward molecular hybridization. To accelerate the mapping of cloned sequences to specific chromosomal locations, we investigated the possibility that cloned sequences containing reiterated DNA might be used without isolating unique sequences. By varying conditions of hybridization (specifically temperature) and using restricted DNA samples from human genomic DNA, Chinese hamster ovary-human chromosome 11 hybrids, and non-chromosome 11 hybrids, we have been able to assign cloned DNA sequences containing reiterated sequences to their chromosome of origin. By hybridization under the high-stringency condition of 550C, specific banding was produced with both human genomic DNA and the humanchromosome-containing hybrid from which the probe was prepared. Furthermore, using a panel of chromosome 11 deletion mutants, we have been able to assign a cloned sequence to a specific chromosomal location. We believe that this approach will accelerate gene mapping procedures and facilitate identification of DNA sequences involved in chromosomal abnormalities.
ABSTRACT
Identifying the specific DNA sequences involved in the chromosomal abnormalities in developmental and neoplastic diseases may be essential to understanding the molecular biology of these disorders. The use of recombinant DNA techniques in conjunction with rodent-human hybrid cells makes it possible to assign chromosomal locations to specific DNA sequences. However, the ubiquitous presence of reiterated DNA species often complicates the application of straightforward molecular hybridization. To accelerate the mapping of cloned sequences to specific chromosomal locations, we investigated the possibility that cloned sequences containing reiterated DNA might be used without isolating unique sequences. By varying conditions of hybridization (specifically temperature) and using restricted DNA samples from human genomic DNA, Chinese hamster ovary-human chromosome 11 hybrids, and non-chromosome 11 hybrids, we have been able to assign cloned DNA sequences containing reiterated sequences to their chromosome of origin. By hybridization under the high-stringency condition of 550C, specific banding was produced with both human genomic DNA and the humanchromosome-containing hybrid from which the probe was prepared. Furthermore, using a panel of chromosome 11 deletion mutants, we have been able to assign a cloned sequence to a specific chromosomal location. We believe that this approach will accelerate gene mapping procedures and facilitate identification of DNA sequences involved in chromosomal abnormalities.
The mammalian genome contains large numbers of repetitive DNA sequences widely distributed among the chromosomes. Their function is largely unknown (1) (2) (3) . These elements often complicate straightforward applications of molecular hybridization techniques for genetic analysis, but they have facilitated identification of cloned DNA segments containing human DNA prepared from human-rodent hybrids and thus have made possible the preparation of chromosome-specific libraries from these hybrids (4). In addition, low copy number reiterated DNA has recently been used in conjunction with deletion mutants of human chromosomes in human-Chinese hamster ovary (CHO) hybrids as a marker for specific chromosomal segments (5) .
Repetitive sequence DNA constitutes 20-30% of the human genome (2) . Some highly reiterated species appear to be localized in chromosomal centromeres and telomeres; others appear to be interspersed among specific sequences throughout the genome (6) . At least some reiterated DNA is transcribed and some of these reiterated transcripts, for example, members of the Alu family, may appear in the cytoplasmic RNA pool (7) . However, when specific genetic sequences are to be mapped, the need to prepare probes free of repetitive DNA can be onerous. This is particularly true when specific DNA sequences are to be related to structural chromosomal defects that are associated with human disease. Thus, it would be desirable to be able to assign cloned DNA sequences that contain reiterated elements to specific chromosomal locations directly. Although some repetitive mammalian DNA segments are sufficiently homologous to readily hybridize to each other under standard conditions, their exact nucleotide sequences have been shown in some cases not to be identical (8) . Therefore, it seemed desirable to investigate the specificity of molecular hybridization reactions between recombinant molecules containing reiterated elements and genomic DNA by increasing the stringency of the annealing conditions. Under these circumstances, probes containing repetitive sequences, which are readily secured, might behave like more specific reagents and might be valuable in identifying specific human chromosomes or chromosomal regions. The present experiments show the feasibility of this approach.
METHODS
Hybridizations were carried out with probes containing reiterated human DNA against restricted genomic DNA from human fibroblasts and human-CHO hybrid cells.
DNA was purified from cultured normal human fibroblasts and from CHO-human somatic cell hybrids (9) . Sample DNA was restricted to completion with either BamHI or EcoRI using conditions recommended by the supplier (New England BioLabs). Complete restriction was obtained by using a 5-to 10-fold excess of endonuclease and by incubating for 3-6 hr at 370C. Activity of the enzymes was assayed by digestion of X phage DNA in parallel and evaluating the molecular weight of restriction fragments on ethidium bromidestained agarose gel.
Five to ten micrograms of restricted cellular DNA was loaded on a 0.75% agarose gel at 3 V/cm for 12-16 hr in 1 x Tris acetate buffer. Fragments were transferred to nitrocellulose paper by the method of Southern (10) . Nitrocellulose filters were then baked at 80'C for 2-3 hr. Nitrocellulose filters were prehybridized for 12 hr in a Seal-a-Meal bag with 0.066 ml of prehybridization buffer per cm2 of nitrocellulose filter. Prehybridization buffer consisted of 50% formamide (vol/vol)/5x Denhardt 
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hybridization buffer was added.
[32P]CTP nick-translated probe was denatured by heating at 950C for 5 min, cooled rapidly, and added to this mixture (1 x 106 dpm per ml of hybridization buffer). The Seal-a-Meal bag was sealed with care to exclude all bubbles and was incubated at various temperatures for 18-24 hr. Nitrocellulose filters were then washed four times (5 min each time) with 2 x standard saline citrate/1% NaDodSO4 at room temperature. The filters were then washed for 15 min at 50-550C with 0.1 x standard saline citrate. Filters were autoradiographed with Dupont Cronex X-ray film and Dupont Lightning Plus intensifying screens at -700C.
CHO-Human Somatic Cell Hybrids. All hybrids were the kind gift of Carol Jones and have been described (12) (13) (14) . Briefly, cell hybrids were generated by fusion of various auxotrophic mutants of CHO-K1 cells with human fibroblasts or lymphocytes. The human chromosome 11 hybrid, J1 (12) is the parent cell line for a series of deletion mutants, each generated by treatment of J1 with chromosomal breaking agents and selected by growth in antisera specific to human cell surface antigens and complement. Each deletion mutant has been defined by cytogenetic analysis, LDH isoenzyme analysis, and acid phosphatase determination (13, 14) . The human chromosome-21-and chromosome-12-containing hybrids (E9A and E4E, respectively) were similarly prepared by fusion of CHO-K1 cells with human lymphocytes and have been evaluated by cytogenetic and biochemical analysis (15, 16) .
Probe Preparation. DNA probes specific to human chromosome 11 were prepared from human-hamster hybrid J1-11, which contains the short arm, centromere, and a small portion of the long arm of human chromosome 11 as its only identifiable nonhamster genetic material (4 
RESULTS
Temperature was chosen as the initial variable with which to increase stringency. Nick-translated recombinant probe (HP29) was hybridized against Southern blots of restricted whole human DNA and restricted CHO-human chromosome 11 hybrid DNA at 42, 45, 50, 55, 60, and 65°C. position of radioactivity. At 55°C, reproducible banding occurs at identical molecular weights with both hybrid and total human DNA. Because the hybrid used contained chromosome 11 as its only identifiable human genetic material, the results suggest (i) that these DNA segments are present on human chromosome 11, an observation consistent with their mode of isolation, and (ii) that, if they are present on other human chromosomes, their restriction patterns are highly conserved.
To test whether this banding was indeed chromosome specific, recombinant probes were hybridized against Southern blots of restricted genomic DNA from the following humanhamster hybrid cells: Ji-11, short arm, centromere, and small portion of the long arm of chromosome 11 (4); E4E, chromosome 12 (16); and E9A, chromosome 21 (15) . As shown in Fig. 2 there was specific hybridization only with hybrid J1-11, which contains human chromosome 11 with a terminal deletion of the long arm. These experiments support the hypothesis that specific binding at 55°C between probe and genomic DNA is specific for a locus on the fragment of chromosome 11 retained in the J1-11 hybrid and that no homologous sequences to HP29 detectable by the method exist on chromosomes 12 or 21.
Although unlikely, the possibility remained that binding occurred between families of reiterated DNA that are unique to each chromosome but common to each probe. Such a situation would lead to distinct banding but no discernible difference among probes. To evaluate this possibility, total human genomic DNA and human chromosome 11-derived recombinant probes HP29 and HP30 were restricted with EcoRI, re-W-1. solved in alternating parallel lanes, and blotted. Each strip of nitrocellulose paper contained restricted total human genomic DNA and a restricted probe (Fig. 3) . Each strip was then probed with the same recombinant probe it contained. Specific binding was observed at identical molecular weights in both probe and genomic DNA, and binding occurred at a different molecular weight for each probe. This suggests that the probes recognize different nucleotide sequences and that J1-1 1 Thus, the probe is localized to the p12 region of chromosome 11. are depicted schematically in Fig. 4 . DNA samples from each hybrid were restricted with EcoRI, resolved on an agarose gel, and blotted. These blots were then hybridized with one nick-translated recombinant probe. Fig. 5 shows specific hybridization with hybrids J1-11, J1-9, and J1-23 but not with J1-7. These findings allow us to assign the probe HP29 to the p12 band on chromosome 11.
To determine whether hybridization at high temperature improved specificity when a reiterated sequence was used as a probe, the cloned Alu sequence BLUR 8 (18) was hybridized at 42 and 550C with Southern blots of total human genomic and human chromosome 11-containing CHO hybrid cell DNA. Intense nonspecific hybridization was obtained at 420C as shown by the 24-hr autoradiograph in Fig. 6 . However, when hybridization was carried out at 550C (2 wk autoradiograph), one band, thought to represent contaminating plasmid DNA, was observed but there was not significant background hybridization. These results suggest that hightemperature hybridization significantly improves specificity even when a repetitive well-conserved sequence such as Alu is used as a probe.
DISCUSSION
Generally, specific mapping information cannot be obtained when cloned DNA sequences containing highly reiterated DNA are hybridized to genomic DNA. Although the probes we used contained highly reiterated sequences and showed intense nonspecific hybridization at 420C, hybridization at 550C resulted in distinct bands. These bands were of a specific and reproducible molecular weight for each probe. In ad- dition, they occurred at identical molecular weights when hybridizations were carried out against human cellular DNA and DNA from a hybrid cell containing chromosome 11 as its only recognizable human genetic material. Furthermore, by using parallel standards of EcoRI-restricted recombinant probe, we have shown with each probe that banding occurs at the same molecular weight as banding in EcoRI-restricted cellular DNA. These findings support the hypothesis that specific molecular hybridization occurs at the locus of origin of the probe. Finally, by high-stringency hybridization of one probe with cellular DNA from a deletion mutant panel of the chromosome of its origin, we have been able to produce observations consistent with its regional mapping to a particular area of the chromosome.
The general applicability of this approach remains to be resolved. Additional probes, both for the chromosome studied, number 11, and for other chromosomes, must be investigated. The finding that the probes investigated produced only a few bands, while the Alu family sequence BLUR 8 produced no specific hybridization under the same conditions, also is unexplained. One reasonable speculation is that the cloned Alu sequence BLUR 8 is sufficiently divergent from consensus Alu sequence to preclude significant hybridization at high temperature. We wish to emphasize that we used Alu sequence to verify that our probes contained repetitive DNA sequence. Probes were not selected-on the basis of containing Alu alone, and we make no conclusion that the Genetics: Fisner et aL Proc. NatL Acad Sci USA 81 (1984) banding results obtained were directly related to Alu. Clearly, the observations must be expanded to characterize the repetitive sequence families for which this method is applicable. It is anticipated that such investigations will identify DNA inserts with repetitive elements that will appear to be highly repetitive even at high stringency.
The effects of temperature on the reannealing of DNA have previously been evaluated both in solution (20) and on nitrocellulose paper (21) . The maximum rate of reannealing was found to occur -20TC below the melting temperature of the native double-stranded DNA that was being reannealed. Rate decreased at both higher and lower temperatures (20, 21) . The addition of formamide, which in high enough concentration can denature DNA at room temperature, appears to have two effects. First, formamide decreases the melting temperature of double-stranded DNA by -0.70C for every 1% formamide in solution. Second, formamide lowers the temperature at which maximum renaturation occurs to a similar degree (21) . Thermal dissociation curves of mammalian DNA duplexes formed on nitrocellulose paper under high-stringency conditions (50% formamide, 450C) show that more specific hybridization occurs with higher stringency (21) . Hybridization at 550C and 50% formamide is analogous to hybridizing at 90TC in the absence offormamide. This temperature is close to the melting temperature for native double-stranded human DNA. It seems likely that only wellmatched duplexes would be stable at this temperature.
The detailed molecular parameters responsible for the increase in specificity observed at 550C remain to be worked out, and all cloned DNA sequences containing reiterated DNA may not behave similarly. However, high-stringency hybridization has allowed us to assign a particular cloned DNA segment to a specific chromosomal location. This technique appears to be especially valuable when used in conjunction with a deletion mutant panel and may allow more rapid identification of deleted or translocated DNA segments associated with human disease. 
